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We	 have	 little	 knowledge	 of	 the	 response	 of	 invertebrate	 assemblages	 to	 climate	
change	in	tropical	ecosystems,	and	few	studies	have	compiled	long-	term	data	on	inver-
tebrates	 from	 tropical	 rainforests.	We	provide	 an	 updated	 list	 of	 the	 72	 species	 of	
Saturniidae	moths	collected	on	Barro	Colorado	Island	(BCI),	Panama,	during	the	period	
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1  | INTRODUCTION
Integrated	monitoring	 of	 invertebrates,	 vertebrates,	 and	 plants	may	
provide	 a	 complementary	 understanding	 of	 biodiversity	 changes	 in	
the	face	of	global	climate	change	(Thomas	et	al.,	2004).	Invertebrates	
are	 particularly	 sensitive	 to	 climate	 changes.	 For	 example,	 Thomas	






arthropod	monitoring	 during	 5–10	years	 in	 the	 tropics	may	 involve	
40–80	 overlapping	 insect	 generations	 and	may	 be	 particularly	 use-
ful	for	developing	early	warning	systems,	but	that	idea	remains	to	be	
tested	rigorously	for	a	variety	of	insect	taxa.
Tropical	 insects	 may	 be	 extremely	 sensitive	 to	 local	 climate	
changes	and	anomalies	for	several	reasons.	First,	the	tropical	regions,	

















from	 tropical	 rainforests	 with	 notable	 exceptions	 of	 fruit-	feeding	
butterfly	 assemblages	 (Grøtan,	 Lande,	 Engen,	 Saether,	 &	 DeVries,	
2012;	Leidner,	Haddad,	&	Lovejoy,	2010;	Valtonen	et	al.,	2013).	Our	
knowledge	is	even	scarcer	regarding	the	response	of	tropical	insects	













ries	 have	 been	 used	 for	 Lepidoptera	 as	 relevant	 surrogates	 for	 life-	






The	 Saturniidae	 (wild	 silk	 moths,	 Lepidoptera)	 are	 among	 the	
largest	 and	most	 spectacular	moths	 (Figure	1).	The	most	 recent	 as-
sessment	 of	 their	 diversity	 reported	 2,349	 species	 in	 169	 genera	
worldwide	(van	Nieukerken	et	al.,	2011),	with	most	species	occurring	





The	 taxonomy	 and	 higher	 phylogeny	 of	 Saturniidae	 are	 reasonably	
well	 known	 (Regier	et	al.,	2008),	 and	 they	have	been	 the	 subject	of	
detailed	taxonomical	and	ecological	studies	(Bernays	&	Janzen,	1988;	
Blest,	 1960a,b;	 Janzen,	 1984a,b;	 Janzen	 et	al.,	 2012;	 Lamarre	 et	al.,	
2015).	Adult	saturniids	usually	are	nonfeeding,	short-	lived	moths	with	
lightweight	 fast-	flying	males	 adapted	 to	 find	 heavy-	bodied	 females	
(Scoble,	1995).	Saturniid	caterpillars	tend	to	be	relatively	polyphagous	
and	to	prefer	old,	tough,	tannin-	rich	leaves	(Bernays	&	Janzen,	1988).	
In	 contrast	 to	 other	moth	 families	 such	 as	 Crambidae,	 Erebidae,	 or	
K E Y W O R D S
climatic	anomalies,	DNA	barcoding,	functional	groups,	monitoring,	population	dynamics,	
rainforest,	species	traits
F IGURE  1 Rothschildia erycina	(male),	a	species	present	on	Barro	
Colorado	Island,	pictured	near	Cayenne,	French	Guiana,	by	Stéphane	
Brûlé
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Geometridae,	local	species	pools	of	Saturniidae	are	rather	restricted,	
usually	 with	 <100	 species	 in	 the	 Neotropics	 (Janzen	 et	al.,	 2012;	
Lamarre	 et	al.,	 2015;	 Lamas,	 1989).	The	 relatively	 low	 local	 species	














In	 2009,	 the	 ForestGEO	 (Forest	 Global	 Earth	 Observatory)	
Arthropod	 Initiative	 started	 long-	term	 monitoring	 among	 multi-
ple	 contrasting	 taxa,	 including	 saturniid	moths,	within	 and	 near	 the	
permanent	 botanical	 plot	 of	 the	 Center	 for	 Tropical	 Forest	 Science	
(CTFS)	on	BCI.	The	program	aims	to	detect	long-	term	changes	in	the	
abundance	 and	 composition	of	 focal	 arthropod	 assemblages,	 driven	
primarily	by	climatic	fluctuations	and	anomalies,	as	opposed	to	short-	
term	stochastic	changes	(Anderson-	Teixeira	et	al.,	2014;	Basset	et	al.,	























(1958–2016);	 (b)	building	a	 local	phylogenetic	 tree	 for	 the	 saturniid	








years	on	BCI	 (2009–2016),	by	first,	 (a)	testing	for	changes	 in	annual	
species	 composition;	 (b)	 testing	 for	 significant	 population	 changes	
since	2009,	either	for	species,	higher	taxa,	or	functional	groups;	(c)	for	
the	same	datasets,	testing	for	significant	predictors	of	saturniid	abun-





2  | MATERIALS AND METHODS









et	al.,	 2014).	 During	 the	 study	 period,	 annual	 mean	 maximum	 and	
minimum	temperatures	 rose	slightly,	especially	since	2011	 (Fig.	S1).	
For	 example,	 the	 annual	maximum	 temperature	of	2016	was	0.6°C	
higher	than	that	of	the	base	year,	2009.	However,	annual	rainfall	did	
not	 appear	 to	 increase	during	 the	 study	period	 (Fig.	 S1).	A	detailed	
description	of	the	setting	and	climatic	data	for	the	50	ha	CTFS	plot,	
which	is	located	in	the	center	of	the	island,	may	be	found	in	Windsor	




ered	 by	 lowland	 tropical	 forest	with	 some	 anthropogenic	 clearings,	
locations	of	Smithsonian	facilities.
We	used	eight	datasets	to	compile	records	of	Saturniidae	collected	





ForestGEO	Arthropod	 Initiative	used	a	 light	 trap	protocol	 to	 attract	
Saturniidae	with	traps	set	at	10	locations	and	run	for	four	surveys	each	
year	 (640	night	samples;	methods	 in	Lucas,	Forero,	&	Basset,	2016;	
and	Appendix	 S1).	 These	 surveys	were	 performed	with	 a	weighted	
frequency	of	dry/wet	periods,	 so	 that	 annual	moth	population	 indi-
ces	reflected	well	the	whole	year:	dry	period,	ca	January	to	April,	one	
survey	 in	March;	wet	period,	ca	May	to	December,	 three	surveys	 in	
May,	September,	 and	November.	Further	and	as	 far	as	possible,	 the	






The	 ForestGEO	 data	 identifications	 relied	 on	 both	 morphological	









were	 used	 to	 confirm	 identifications	 based	 on	 morphology	 and	 to	
examine	the	possibility	that	morphological	uniformity	might	conceal	




termed	 “cryptic”	 species,	 even	 if	 in	 some	 cases	 they	 can	 be	 distin-
guished	 morphologically	 from	 other	 species.	 See	 Appendix	 S1	 for	
	further	details.
2.3 | Species pool, faunal composition, and 
phylogenetic relationships
We	 estimated	 the	 species	 richness	 of	 saturniids	 on	 BCI	 with	 two	
methods.	First,	we	estimated	the	total	number	of	species	likely	to	be	
present	in	the	understorey	of	BCI	forests	by	randomizing	100	times	




in	 the	undestorey,	 the	accumulation	of	 saturniid	 species	during	 the	
study	period	(Results,	Fig.	S2a)	suggests	that	the	canopy	stratum	was	
also	 well	 sampled,	 presumably	 because	 saturniid	 moths	 are	 strong	
fliers	 that	 can	be	attracted	 to	 the	 lower	 strata.	Second,	we	 fitted	a	
nonlinear	 regression	with	 the	 software	CurveExpert	 (Hyams,	 2011)	









































































2013).	We	measured	 forewing	 length	 (FW)	 and	 thorax	width	 (TW)	













species	 feeding	 on	 fewer	 host	 plant	 families.	 Calculations	 of	 these	
variables	are	detailed	in	Appendix	S1.
We	were	able	to	quantify	functional	attributes	for	41	species	and	
create	a	matrix	of	species	×	 functional	 traits	 that	 included	five	vari-
ables:	 FW,	TW,	Wing	 load,	Var_Peak,	 and	DBIF	 (Appendix	 S2).	We	
used	this	matrix	to	compute	a	principal	component	analysis	(PCA).	The	
different	 components	 (axes)	of	 the	PCA	were	used	as	 combinations	
of	 traits	 to	define	a	Euclidean	functional	space	with	reduced	uncor-

















To	analyze	 recent	population	 trends,	we	 fitted	 to	each	 species	 suf-
ficiently	well	sampled	(i.e.,	probability	to	have	collected	at	 least	one	





























most	 time-	series	were	 not	 autocorrelated,	 we	 then	 fitted	 stepwise	














index,	 obtained	 from	 the	National	Oceanographic	 and	Atmospheric	
Administration	 (2016).	 Although	 we	 removed	 variables	 with	 high	
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multicollinearity	 from	 the	 final	 models	 (i.e.,	 when	 tolerance	 values	
>0.001),	models	should	be	viewed	as	explanatory	analyses.	Eventually,	
we	performed	a	canonical	correspondence	analysis	(CCA)	to	evaluate	
the	 influence	 of	 climatic	variables	 (Table	 S1)	 on	 the	 composition	 of	
saturniid	species	within	each	survey	(details	in	Appendix	S1).
To	sum	up	these	various	analyses,	the	TRIM	models	aimed	to	test	
whether,	 (1)	changes	 in	abundance	were	similar	 in	all	 spatially	 repli-
cated	 locations	 (and	 therefore	more	 likely	 to	 reflect	 real	 population	
changes	as	opposed	to	changes	related	to	the	conditions	of	the	sur-
veys);	 and	 (2)	 significant	 increase	or	decrease	 in	abundance	existed,	
compared	to	the	base	year,	2009.	On	the	other	hand,	multiple	regres-
sions	and	the	CCA	aimed	at	testing	the	relative	influence	of	climatic	
variables	 on	 changes	 in	 moth	 abundance	 and	 species	 composition,	
respectively.	 Finally,	 the	ARIMA	models	 attempted	 to	 forecast	 two	
future	years	of	data	according	to	the	structure	of	our	existing	data.
3  | RESULTS
3.1 | Taxonomic and historical knowledge
Altogether,	we	recorded	72	species	of	saturniids	on	BCI	for	the	period	
1958	to	2016	 (Appendix	S2),	 representing	ca.	60%	of	 the	currently	
estimated	diversity	of	saturniid	species	in	Panama.	Most	species	were	
named	 (88.9%)	and	had	valid	BINs	 (80.6%),	 including	6.9%	of	 cryp-
tic	 species,	 56.9%	 of	 species	 with	 sequences	 originating	 from	 BCI,	
and	43.1%	of	species	with	sequences	originating	from	other	tropical	
sites.	Dyar	 (1914)	collected	27	species	 in	the	Canal	Zone,	while	the	
ForestGEO	monitoring	 recorded	41	 species	with	 light	 traps	 on	BCI	
(Fig.	 S2a).	 The	 accumulation	 of	 singletons	 for	 the	 ForestGEO	 light	
trap	data	suggests	that	at	least	44.1	±	0.01	species	(ICE	±	SD)	may	be	
collected	by	light	traps	on	BCI	(Fig.	S2a).	However,	four	cryptic	spe-
cies	were	discovered	 after	 sequencing	167	 individuals.	 The	best-	fit	
model	between	the	cumulative	number	of	individuals	sequenced	and	
the	cumulative	number	of	cryptic	species	discovered	was	a	reciprocal	
logarithm	model,	 suggesting	 that	many	more	cryptic	 species	 remain	
to	be	discovered	on	BCI,	with	accrued	numbers	of	specimens	being	
sequenced	(Fig.	S2b).













The	 NDMS	 analysis	 clearly	 separated	 recent	 monitoring	 years	
(2009-	2016)	 from	 older	 datasets	 (Dyar	 and	 Blest)	 and	 rearing	 re-


















showed	 convergent	monthly	 peaks	 of	 abundance	 over	 the	 8-	year	
study	period)	and	to	a	lesser	extent	high	host	specialization	(special-
ists;	Figure	4,	Table	S4).	Species	grouped	in	Cluster	#5	were	among	
the	most	 specialized	 saturniids	 on	BCI	 (see	Fig.	 S3,	 axis3).	Cluster	
#2	 is	 composed	 by	 small-	 to	 medium-	size	 Hemileucinae	 (i.e.,	 dis-
persal	 limitation)	presenting	a	 low	annual	seasonality	and	the	most	
host	 generalist	 species.	 We	 recorded	 the	 use	 of	 45	 distinct	 host	






in	Cluster	 #4	 are	 relatively	 aseasonal	 and	 have	 a	 very	 low	degree	
of	 host	 specificity	 (Table	 S4).	 Overall,	 our	 functional	 classification	










3.3 | Moth responses to climatic events




TRIM	models	 (Table	2,	Figure	5,	Fig.	 S5).	Two	 species	 (14%	of	 spe-
cies	 tested)	showed	a	significant	 increase	over	 time,	namely	Hylesia 
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praedpichinchensis	and	Automeris vanschaycki.	The	rest	of	the	species	
(64%)	 showed	 significant	 effects	 for	 each	 time	point	 but	 the	direc-
tion	 of	 the	 change	was	 uncertain.	 Six	 species	 showed	 a	 clear	 peak	
















series	 tested	 presented	 some	 degree	 of	 autocorrelation.	 Although	





month	 of	 the	 survey	were	 better	 predictors	 of	 saturniid	 abundance	
than	variables	 relevant	 to	 the	 day	 of	 the	 survey	 (Table	 S5).	One	 of	















axes,	F	=	2.8,	p	=	.002;	 Fig.	 S6).	The	 sum	of	 degree-	days	 during	 the	
30	preceding	days	of	the	survey	best	explained	the	formation	of	the	































































































counting	 for	 the	 effects	 of	 time	 at	 each	 location.	This	 effect	would	
have	been	 less	 obvious	 if	 species	 abundances	were	 entirely	 depen-
dent	on	 local	 trap	 conditions	 (e.g.,	 effect	of	background	 trap	 illumi-
nation	in	the	forest)	and	in	turn	more	likely	to	vary	differently	among	
sampling	locations.	Further,	the	four	surveys	performed	per	year	with	
a	weighted	 frequency	 of	 dry/wet	 periods	 represented	 a	 good	 com-
promise	between	sampling	effort	and	precision	 in	measuring	fluctu-





4.2 | Size and composition of the 
saturniid assemblage
The	 accumulation	 curve	 for	 the	 ForestGEO	 light	 trap	 data	 sug-
gests	that	the	saturniid	fauna	has	been	relatively	well	sampled	as	
at	 least	44	species	were	present	at	the	fixed	 locations	where	the	
traps	were	 running.	With	 respect	 to	 estimating	 the	 local	 species	
pool	on	BCI,	this	finding	is	misleading	for	at	least	two	reasons.	First,	
our	collection	refers	only	 to	 the	shady	understorey	of	 the	forest,	
where	attraction	of	 saturniids	 to	 light	 is	probably	<50	m	 (Beck	&	
Linsenmaier,	2006).	Moving	the	ForestGEO	light	traps	to	other	lo-
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island.	Second,	accumulation	of	cryptic	species	is	strongly	depend-
ent	 on	 the	 number	 of	 specimens	 sequenced,	 and	 we	 were	 able	




ing	 the	period	2009–2016.	 Janzen	et	al.	 (2012),	after	 sequencing	
a	 massive	 48,000	+	saturniid	 specimens	 from	 Guanacaste	 (Costa	
Rica),	 showed	 that	 the	 proportion	 of	 cryptic	 species	 was	 40%.	
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and	Atmospheric	Administration	2016).	The	number	of	saturniid	spe-











icant	 effects	 for	 each	 time	 point.	However,	 the	 often-	abrupt	yearly	
changes	 in	 abundance	 for	 these	 species	 precluded	 establishing	 the	
direction	of	change.	Yet	many	species	were	more	abundant	 in	2016	
as	compared	to	the	2009	base	year,	and	ARIMA	forecasts	for	the	next	
two	years	 suggest	 that	 this	 pattern	will	 hold	 for	many	 species.	The	
populations	 of	 only	 two	 species,	Automeris vanschaycki	 and	Hylesia 
praedpichinchensis,	showed	significant	increases	over	time	during	the	
study	 period.	Neotropical	Hylesia	 are	 known	 to	 produce	 population	
peaks	and	even	outbreaks	(Janzen,	1984a;	Polar	et	al.,	2010),	and	the	
present	observation	may	be	 related	 to	 this	ability.	Our	 simple	mod-
els	 based	 on	 stepwise	 multiple	 regressions	 with	 climatic	 variables	








ocal.	Hence,	we	expect	 that	 the	current	 increase	 in	air	 temperature	
TABLE  2 Summary	of	models	fitted	by	TRIM	(see	text)	to	the	time-	series	(2009-	2016)	of	saturniids	for	higher	taxa	(too	few	Saturniinae	
were	collected	for	analyses),	functional	groups,	and	the	most	common	species	(listed	in	decreasing	order	of	abundance,	see	Appendix	S2)
Taxa/Cluster/Species Best model Chi- square p AIC
Overall mult. SE
Interpretationslope slope
All	Saturniidae None	of	models	significant -	 -	 -	 -	 -	
Arsenurinae None	of	models	significant -	 -	 -	 -	 -	
Ceratocampinae None	of	models	significant -	 -	 -	 -	 -	
Hemileucinae None	of	models	significant -	 -	 -	 -	 -	
Oxyteninae Effect	for	each	time	point 0.074 −35.14 1.041 0.058 Uncertain
Functional	Cluster	#	1 None	of	models	significant -	 -	 -	 -	 -	
Functional	Cluster	#2 Effect for each time point 0.216 −46.79 1.03 0.0415 Uncertain
Functional	Cluster	#3 None	of	models	significant -	 -	 -	 -	 -	
Functional	Cluster	#4 None	of	models	significant -	 -	 -	 -	 -	
Functional	Cluster	#5 Effect	for	each	time	point 0.062 −31.59 1.091 0.032 Moderate	increase	
(p	<	0.01)**
Rhescyntis hippodamia Effect	for	each	time	point 0.339 −48.07 1.301 0.055 Uncertain
Hylesia 
praedpichinchensis




Effect	for	each	time	point 0.328 −50.79 1.017 0.052 Uncertain
Automeris vanschaycki Linear	trend 0.404 −58.91 1.159 0.059 Moderate	increase	
(p	<	0.01)	**
Periphoba	sp.	1YB Effect	for	each	time	point 0.061 −43.02 0.962 0.059 Uncertain
Citheronia lobesis None	of	models	significant -	 -	 -	 -	 -	
Automeris fieldi Effect	for	each	time	point 0.328 −57.62 1.19 0.176 Uncertain
Pseudodirphia 
eupanamensis
Effect	for	each	time	point 0.463 −63.75 1.022 0.082 Uncertain
Pseudautomeris 
salmonea
None	of	models	significant -	 -	 -	 -	 -	
Oxytenis naemia Effect	for	each	time	point 0.529 −65.13 0.896 0.127 Uncertain
Automeris belti Effect	for	each	time	point 0.122 −53.66 0.999 0.085 Uncertain
Caio championi Effect	for	each	time	point 0.946 −70.29 1.085 0.109 Uncertain
Titaea tamerlan None	of	models	significant -	 -	 -	 -	 -	
Oxytenis beprea Effect	for	each	time	point 0.201 −74.75 0.998 0.111 Uncertain
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observed	on	BCI	(Anderson-	Teixeira	et	al.,	2014)	will	lead	to	an	overall	
increase	 in	many	 saturniid	 species	 in	 the	 long-	term,	 all	 other	 things	
being	equal.
4.4 | Merit of considering functional groups in 
monitoring programs
As	compared	with	other	 insect	groups,	Saturniidae	overall	 appear	
rather	 homogeneous	 as	 far	 as	 life	 history	 is	 concerned,	 because	
they	are	almost	all	relatively	polyphagous	as	larvae	and	short-	lived	
as	adults.	However,	our	 study	showed	 that	 they	display	contrast-
ing	functional	attributes	and	that	functional	groups	may	exhibit	dif-
ferent	 time-	series,	possibly	 related	to	climate	changes	or	extreme	
events.	For	example,	 functional	Cluster	#	5	 included	 large	species	
with	good	dispersal	ability,	relative	host	specificity,	and	seasonality,	














Species	 from	 cluster	 #5	 likely	 have	many	 common	 traits	 due	 to	
shared	 ancestry	 (with	 the	 exception	 of	Automeris vanschaycki),	 sug-
gesting	also	that	the	subfamily	Arsenurinae	as	a	whole	may	be	a	useful	
source	of	indicator	species.	They	cannot	be	considered	as	fully	phylo-
genetically	 independent	 in	 their	climactic	 response,	as	 the	 traits	ex-
plaining	this	response	maybe	correlated	between	species.	It	is	possible	














position	sites	and	may	 represent	a	 significant	advantage	 for	 species	
with	particularly	short	adult	life	spans	(Janzen,	1984b).	We	speculate	
that	 it	may	 represent	 the	 basis	 for	 explaining	 the	 positive	 effect	 of	
rising	air	temperature	on	certain	saturniid	species,	as	observed	for	the	
time-	series	of	species	included	in	functional	Cluster	#	5.









































































































































































































































subfamilies,	 respectively.	Unquestionably,	 time-	series	 should	 be	 an-
alyzed	at	the	species	 level	for	an	optimal	 interpretation	of	observed	
patterns.	 However,	 we	 imperatively	 need	 strategies	 to	 summarize	
these	 patterns	 conveniently	 when	 confronted	 with	 diverse	 groups	
such	as	insects.	Our	results	suggest	that	the	use	of	functional	groups	
over	taxonomic	categories	complement	and	improve	our	ability	to	in-




resolution	 of	 functional	 groups.	 Our	 basic	 analysis	 of	 phylogenetic	
clustering	revealed	that	the	functional	groups	that	were	most	suitable	
for	time-	series	analysis	were	also	clustered	across	the	community	phy-
logeny.	 It	 is	 likely	 that	groups,	 that	 share	a	 close	common	ancestry,	
present	uniform	responses	to	environmental	changes	driven	by	phys-
iological	conservatism.





pools	 are	probably	often	<100	 species,	 and	a	 few	common	 species	
are	amenable	to	statistical	analysis	of	long-	term	population	trends,	as	
shown	 in	 this	 study.	 The	 largest	 species	 cannot	 be	 collected	 easily	
with	the	trap	model	that	we	used,	but	this	is	not	necessarily	a	strong	
limitation.	 The	 biology	 of	 saturniids	 also	 is	 interesting	 with	 regard	
to	monitoring,	as	discussed	previously.	Overall,	these	various	attrib-
utes	 appear	 rather	positive	 to	 recommend	 saturniids	 as	model	 taxa	
for	 studying	 the	 long-	term	effects	of	climate	change	on	 tropical	 in-
sects.	However,	the	relative	sensitivity	of	saturniid	species	to	climate	
change	 in	 the	 long-	term	 is	 unknown	 and	may	 be	 appreciated	 only	
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All	 sequences	 are	 available	 online	 in	 the	 BOLD	 database	 (http://
www.boldsystems.org/,	 project	 BCISA,	 public	 dataset	 https://doi.
org/10.5883/ds-bcisat)	 and	 in	 GenBank	 (http://www.ncbi.nlm.nih.
gov/genbank/,	GenBank	accession	numbers:	KP845288	-	KP845386).	
The	occurrence	of	each	species	per	year	 (1958-	2016)	 is	detailed	 in	








manuscript.	All	 authors	contributed	critically	 to	 the	drafts	and	gave	
final	approval	for	publication.
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